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1. INTRODUCTION 

Due to extraordinary distances scanned by modern telescopes, optical surfaces 
in such telescopes must be manufactured to unimaginable standards of perfection of a 
few thousandths of a centimeter. Upon what seems a perfectly ground and polished 
mirror, there will lie ripples, bumps, valleys, and a variety of aberrations and distor- 
tions. To detect these imperfections requires an intricately tuned optical system in 
conjunction with a phase-shift interferometer. The goal of the Astrophysical Experi- 
ments Branch group at NASA Ames was to be able to detect imperfections of less than 
1/20 of a wavelength of light, for application in the building of the mirror for the Space 
Infrared Telescope Facility (SIRTF). Because the mirror must be kept very cold while 
in space, another factor comes into effect: cryogenics. 

Cryogenics refers to very cold liquids or surfaces, such as liquid helium 
(4.2 Kelvin). Since the mirror that will be used in SIRTF must detect radiation in the 
infrared range, any stray radiation from the telescope facility would degrade the quality 
of the image received from outer space. For this reason, the mirror must be cleverly 
surrounded by various heat shields of liquid helium, liquid nitrogen, and reflective 
coatings. But like any other surface that is cooled, the mirror will bend and twist out of 
its normal shape. This results in erroneous images. 

How does the mirror become distorted? Is there any way to correct its aberra- 
tions, so as to recieve a clear image? How does the light energy reflect from a warped 
mirror? These are some of the questions that are being answered by Cryogenic Mirror 
Testing/Analysis. This paper describes the process to test a specific mirror under 
cryogenic conditions; including the follow-up analysis accomplished through computer 
work. To better illustrate the process and analysis, we will follow a Pyrex Hex-Core 
mirror (Photo 5) through the process (referring to it as Mirror 1A) from the laser inter- 
ferometry in the lab, to computer analysis via a computer program called FRINGE. 

FRINGE has been an integral part of the Cryogenic Mirror Analysis giving Ames 
Research Center a fairly advanced computational tool for the analysis of an interfero- 
gram (an image describing the characteristics of an optical surface), which is vital to 
SIRTF. FRINGE has served as a solution to the problem of quantifying test data so that 
surface profile and other optical characteristics can be quantitatively determined. 
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The program can be viewed as a collection of subroutines that the 
user can arrange to quantify a variety of test data and reduce it such that 
a high quality optical path difference (OPD) map is produced. With this 
map, other analysis subroutines can be used to test optic errors, perform 
image quality analyses, calculate aberration coefficients, determine 
residual errors, etc. (Taken from FRINGE manual, Arizona Optical 
Sciences Center) 



2. MECHANICS OF THE ANALYSIS PROCESS 

During this discussion of the lab set-up and procedure, refer to the diagrams 
and pictures in Appendix A and Appendix C, respectively. For analysis of how the 
mirror will perform under extreme cold conditions, it is first mounted to the bottom of the 
top section of the dewar assembly as seen in Photo 4. The mirror must be firmly and 
precisely mounted to avoid wobbling. The dewar assembly, as seen in Photo 3, is the 
apparatus by which the mirror can be cooled to nearly 4 Kelvin (liquid helium temper- 
ature) to simulate its environment in space. Diagram 1 is a section view of the entire 
dewar assembly as seen in Photo 3. 

Once the test mirror has been attached, the bottom two components of the 
dewar are attached, and the cooling down process begins. The liquid helium and the 
liquid nitrogen tanks at the top of the dewar are filled, after the air is pumped out from 
between the walls of the dewar. The laser interferometer, Photo 2 and Diagram 2, has 
been turned on at this point and during the cooling of the mirror, the laser is manually 
kept the correct distance from the mirror to remain in focus, by use of a micrometer 
mount (on Diagram 2). 

Carbon resistors placed on the mirror surface and the walls of the dewar, indi- 
cate the temperature. As the temperature approaches that of liquid helium 
(4.2 Kelvin), the interferometer is precisely focused so that a clear image exists. The 
path of the laser beam is as follows. (Refer to Diagram 2.) First the laser beam, gen- 
erated by a Helium-Neon Laser, passes through an aperture to filter out any scatter 
radiation or fuzziness. Then the beam passes through a microscope objective, which 
concentrates and narrows the beam, toward a beam-splitter cube where the majority of 
the light is reflected upward toward the test mirror through a window opening in the 
bottom of the dewar assembly. 

Let us imagine that the light travels upward toward the mirror in small packages. 
Upon reaching the mirror, the light is reflected. Note that the light, however, may not 
be returning along the same path as when it was traveling toward the mirror, because 
the mirror may be warped from the cryogenic conditions. The reflected package of 
light meets with one of the packages of light that have been reflected downward by the 
beam-splitter cube. Ideally, the two packages should coincide, but because the 
reflected package of light is distorted, the two packages do not always mesh. In the 
areas where they do not mesh, they neutralize each other. This is called destructive 
interference, thus producing dark lines on the interferogram (Photo 1). These streaks 
are named fringes. 

The light zones are where the two packages of light did not cancel each other. 
Once the fringe pattern is in focus, a photograph is taken. This is the point at which the 
fringe analysis via computer begins. 

Photographs taken in the laboratory of the interference fringe pattern are digi- 
tized by an Apple Ile and HiPad digitizing tablet. The photo is placed on the tablet, 
where the fringe lines are manually entered into the computer, fringe by fringe until the 
image on the computer screen resembles the pattern on the photograph. At this point, 
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the computer converts the digitized coordinates into three-digit x/y coordinates (inch 
measurements without the decimal point). A hard copy of these coordinates is then 
generated for manual data entry into the VAX mainframe computer via a Tektronix 
terminal. 

The digitized x/y coordinates of the fringe pattern are entered into the VAX as a 
file, each line having the x/y coordinates for a certain fringe. Various options are 
open to the user, depending on the type of mirror being used and the type of output 
desired. The following commands initiate the setting of parameters that can affect the 
output from the FRINGE program: 

a. WEDGE: specifies the frequency of fringes to be scanned 

b. COBS n: n is the fraction of the mirror radius represented by the hole 

c. STEP: defines the contour interval for the contour map (fraction of wave- 
length s) 

d. WIDTH: defines the fraction of the contour interval in which the characters 
will be printed, ranging from 0 to 1 where 0 will print characters only when they are 
identical to the contour value; a width of 1 will print characters at every position and the 
map will be filled with print (see RESULTS AND WHAT THEY MEAN, Contour Map). 

3. RESULTS AND WHAT THEY MEAN 

Once the data have been entered and the parameters have been set, FRINGE 
is run. A typical hard copy of the results from the calculations is included in 
Appendix B. Some of the important pieces of information are: 

a. STREHL RATIO: a measure of how close the mirror is to the ideal, with 1 
being the ideal; defined as: given r = RMS Surface Error 

b. RMS SURFACE ERROR: root of the means of the squares of the Zernike 
polynomial coefficients; defined as: 

c. CONTOUR MAP: a top view of the mirror surface showing the peaks and 
valleys, much like a topographic map, using the letters A-N for decreasing mirror sur- 
face, and the letters P-Z for increasing mirror surface 

d. ZERNIKE POLYNOMIAL COEFFICIENTS: the terms of an endless series 
(truncated to 36 terms for practical purposes) that represents the aberrations found on 
the mirror surface 
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In addition to alphanumeric output, we have the option to generate color 
graphic plots. They are RED, GSPOT, and 3D Plot of Aberrations, as found in 
Appendix D. All of these plots have been created from the Zernike polynomial coeffi- 
cients calculated on Mirror 1A. Refer to the first set of plots (Group I) in Appendix D 
during the discussion of the three different types of plots. They represent general plots 
of all the contributions obtained from Mirror 1A. 

The first plot, l A ,  describes the physical topography of the mirror surface in an 
exaggerated fashion. It provides for a visual understanding as to how all the aberra- 
tions combine to distort the mirror surface. Subsequently, the aberrations that com- 
bine to create the mirror surface, can be broken down, isolated, and categorized as 
being one of the following: Radial (Spherical), 1 8 (Coma), 28 (Astigmatism), 38, 48, and 
58. We will look at all the distortions of Mirror 1 A, except 58 because of its negligible 
contribution in this case. 

Plot IB is referred to as GSPOT (Geometric Spot Diagram), which is the result of 
a Geometric Ray Analysis showing the intersection of approximately 640 rays with the 
image plane and as a radial energy distribution function. 

The last type of plot, the Radial Energy Distribution plot (RED) depicts the 
energy concentration percentage at a given radius from the center of the mirror. This 
is the energy that is reflected back from the mirror. Notice on Plot IC the sudden 
decline of energy between 0.00 and 0.80. This is due to the COBS parameter which 
defines the mirror as having a central hole. Therefore, no energy is reflected in that 
reg ion. 

The Radial Contributions, Group II plots, reflect a wave-like distortion from the 
center out. Thus the name spherical. The distortion is symmetrical, as is evident from 
the 3D plot, and from the GSPOT diagram. Also note the slight dip in the rise of the 
Radial Energy Curve. This is also a result of the undulations present on the mirror 
surface. The Group Ill plots show the characteristics of Coma distortion, which is quite 
minimal in this instance as seen from Plot IIIA. 

The 28 and 38 Contribution plots are similar in that they both characterize a 
"potato chip-like" aberration in which there are distinct, symmetrical highs and lows. 
Note that the 28 has only two highs and two lows, whereas the 38 has three highs and 
three lows. And lastly, the 48 Contribution, Group IV, which lacks a very significant 
contribution. 

4. THE FUTURE OF CRYOGENIC MIRROR ANALYSIS AT NASA AMES 

Through Cryogenic Mirror Analysis, the SlRTF group at Ames has been ableto 
study the way different mirrors distort under extreme cold conditions. Berylium, glass, 
and pyrex mirrors of different shapes and sizes have been tested. The next step, yet 
untested, is to try to reconfigure a mirror in an optical manufacturing environment so 
that it will be an undistorted mirror at cryogenic temperatures. This can be accom- 
plished by polishing the mirror at room temperature using the data acquired from cryo- 
genic testing. Where a peak existed at cryogenic temperature, a valley would be pol- 
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ished at room temperature. And vice versa. Then, theoretically, when the mirror is 
cooled it would distort from a bad mirror surface at room temperature, to a perfect sur- 
face at cryogenic temperature. This is what remains to be discovered through inten- 
sive testing. 

In addition to the next steps in mirror reconfiguration, a few lab improvements 
are being sought. Plans for a larger dewar to accommodate larger mirrors are in sight 
as well as the purchase of a real-time, phase-shift laser interferometry system that 
would increase the present accuracy of 1/20 of a wavelength to 1/50 of a wavelength, 
as well as avoiding the manual data entry into the VAX. With these plans in mind, 
Cryogenic Mirror Analysis Technology at Ames Research Center will become an even 
more powerful tool. 

APPENDIX A: DIAGRAMS 

APPENDIX B: COMPUTER PRINTOUT 

APPENDIX C: PHOTOS 

APPENDIX D: PLOTS 

APPENDIX E: PROCESS FLOWCHART 
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Figure A1 .- Dewar assembly. 
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FRINGE * * * * * *  TECHNICAL PAPER-- SANDOR NAGY 
- - F I D S  4 0 3  7 4 0  7 0 1  4 6 6  4 2 6  1 6 9  1 2 9  4 4 3  
- - L I S T  VERIFY 
- - T I L T  FOCUS 
--WEDGE - . 5  
--COBS . 2 5  
--STEP . I  
- -WIDTH . 8  
--PART 
- - F  SCAN 
--END 

APERTURE MASKING 
T Y P E  

. -  

CAX ~ CAY cox COY 
1 . 0 5 0 0  1.0000 0 . 2 5 0 0  0 . 2 5 0 0  

1 7 - J U L - 8 6  1 2 : 4 6 : 5 2  

5 3 8  1 9 2  5 0 6  1 8 1  4 7 0  1 7 7  4 3 3  1 7 2  3 9 9  1 7 3  3 7 1  1 7 9  3 4 3  1 8 1  3 2 5  1 8 2  
END 
5 6 2  2 0 9  5 2 3  2 8 5  4 8 0  2 0 4  4 3 5  2 0 6  3 9 1  2 0 8  3 5 0  2 0 9  3 1 3  2 1 2  2 7 6  2 2 3  
2 4 8  2 3 2  2 1 4  2 4 8  END 
6 2 8  2 6 5  6 0 5  2 4 7  5 7 2  2 3 8  5 4 5  2 4 0  5 1 6  2 3 8  4 8 5  2 4 0  4 5 8  2 4 4  4 3 2  2 4 9  
3 9 5  2 4 4  3 6 0  2 4 5  3 1 8  2 5 0  2 7 9  2 5 6  2 4 9  2 6 3  2 1 9  2 6 8  1 9 2  2 7 8  1 7 5  2 9 0  
END 
6 5 0  2 9 4  6 1 3  2 8 2  5 2 8  2 7 4  4 8 8  2 7 6  4 4 3  2 7 4  3 6 8  2 8 0  2 8 9  2 8 9  2 0 2  3 0 5  
1 5 3  3 3 5  END 
6 7 4  3 4 0  6 5 8  3 2 3  6 3 3  3 2 1  6 8 4  3 1 9  5 5 8  3 1 2  5 1 4  3 1 1  4 7 1  3 1 2  4 2 5  3 1 6  
3 8 1  3 1 9  3 4 1  3 2 3  3 0 4  3 2 7  2 6 5  3 3 3  2 2 7  3 4 3  1 8 7  3 5 4  1 5 9  3 6 9  1 4 3  3 8 2  
1 3 1  4 0 0  END 
6 8 1  3 8 3  6 4 7  3 7 3  5 4 8  3 5 7  5 0 3  3 5 2  4 6 2  3 5 4  4 1 0  3 5 8  3 6 3  3 6 3  3 0 7  3 6 7  
2 6 7  3 7 1  2 3 6  3 7 8  1 9 7  3 9 5  1 7 1  4 0 3  1 4 6  4 1 6  1 2 8  4 3 7  END 
6 9 2  4 3 6  6 5 6  4 2 0  6 1 1  4 1 3  5 7 8  4 0 6  5 4 1  3 9 9  5 0 2  3 9 5  4 6 4  3 9 7  4 2 3  4 0 2  
3 8 8  4 0 5  3 3 9  4 0 8  2 9 5  4 1 2  2 5 5  4 2 1  2 0 9  4 3 8  1 7 6  4 5 0  1 5 2  4 6 6  1 3 6  4 7 9  
1 3 4  5 0 0  END 
6 9 5  4 7 6  6 1 4  4 5 9  5 7 4  4 4 8  5 4 5  4 4 2  4 8 9  4 4 2  4 3 6  4 4 3  4 0 5  4 4 6  3 8 3  4 5 0  
3 6 5  4 5 5  3 4 4  3 5 4  2 9 7  4 5 6  2 7 0  4 6 5  2 4 0  4 7 9  2 1 1  4 8 6  1 8 1  4 9 9  1 5 6  5 1 3  
1 4 6  5 3 3  1 4 1  5 5 2  END 
6 8 4  5 3 6  6 4 8  5 2 0  5 9 7  4 9 9  4 9 9  4 8 7  4 5 3  4 9 3  3 9 7  4 9 7  3 6 3  5 0 0  3 3 5  4 9 5  

END 
6 6 8  5 7 6  5 7 9  5 5 7  5 0 8  5 3 3  4 6 7  5 3 7  4 2 7  5 4 0  3 7 5  5 4 0  3 4 6  5 4 5  3 0 8  5 5 4  
2 7 8  5 6 4  2 4 3  5 8 0  2 1 4  5 8 9  1 9 1  5 9 2  1 7 9  6 0 5  END 
6 3 5  6 2 9  6 0 0  6 1 8  5 5 1  6 0 5  5 0 7  5 9 8  4 5 6  5 8 8  4 0 1  5 8 6  3 4 7  5 9 6  305 6 0 9  
2 6 9  6 1 6  2 4 0  6 2 7  2 2 4  6 4 2  2 1 5  6 5 3  END 
5 7 7  6 8 6  5 6 8  6 6 8  5 1 0  6 5 1  4 7 2  6 4 6  4 3 7  6 4 5  4 0 3  6 4 9  3 6 8  6 5 0  3 1 4  6 6 0  

3 0 8  5 0 0  2 8 3  5 1 2  2 5 1  5 2 7  2 2 6  5 3 5  2 0 5  5 4 8  1 8 3  5 5 8  1 6 6  5 7 3  1 5 9  5 7 7  

2 8 1  6 6 6  2 6 9  6 7 7  2 6 7  6 8 6  2 6 5  6 9 7  EIlD 
4 9 5  7 2 7  4 6 6  7 1 2  4 1 2  7 0 0  3 8 7  7 0 4  3 6 3  7 0 9  3 5 5  7 2 1  3 6 6  7 4 8  END 

E N D - O F  DATA 

P U P l L  CENTER AND RADIUS 
x c  YC RAD 

4 1 4.7 5 0 0  4 5 4 . 5 0 0 0  2 8 6 . 4 8 0 9  

Figure 61 .- Computer printout 1. 

ORIGINAL PAGE IS 
OF POOR QUALITY 
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F R  I I 4 G E  * * * * * "  T E C H I I I C A L  P A P E R - -  SANDOR NAGY 
F R  I NGE VER 1 F I C A T  ION 
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Figure 82.- Computer printout 2. 
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FRINGE * * * * * *  TECHNICAL PAPER-- SANDOR NAGV 

WAVEFRON D E V I A T I O N  I N  U N I T S  OF WAVES 
T l L T  AND DEFOCUS MEASURED FROM D I F F R A C T I O N  FOCUS 
WAVELENGTH 0 . 6 3 3  MICRONS 

1 7 - J U L - 8 6  1 2 : 4 6 : 5 7  

N 
RAW 0 
PLANE 2 
SPHERE 3 
4H ORDER 8 
6H ORDER 1 5  
O H  ORDER 2 4  
COMPLETE 3 6  

STREHL R A T I O  0 . 5 9 2  

R MS 
1 . 6 7 6  
0 . 2 4 7  
8 . 1 1 5  
13.107 
0 . Q 9 8  
0 . 0 8 8  
5 . 0 8 6  

AT D I F F R A C T I O N  FOCUS 

FOURTH ORDER ABERRATIONS 

I4AGfIITUDE ANGL E DES I GNAT I ON 
WAVES DEG 
3 . 1 3 6  - 9 4 . 8  T I L T  
0 . 6 8 7  DE F OCUS 
0 . 0 8 3  0 . 3  A S T I G M A T I S M  
0 . 1 3 8  - 1 6 1 . 2  COMA 
5 . 3 5 4  SPHERICAL ABERRATION 

FOLLOWING TERMS WERE SUBTRACTED FROM DATA- 

T I L T  FOCUS 

n E 5 I D U A L  WAVEFRON V A R I A T I O N S  EVALUATED A T  DATA P O I N T S  

PTS RMS MAX M I N  SPAN STREHL 
1 6 9  0 . 1 1 8  0 . 3 6 8  - 1 . 0 9 4  1 . 4 6 3  0 . 5 7 5  

PESIDUAL WAVEFRON V A R I A T I O N S  OVER UNIFORM G R I D  

PTS RMS MAX M I N  SPAN STREHL 
6 5 2 .  0 . 0 6 1  0 . 2 5 8  - 0 . 1 4 4  0 . 4 0 2  0 . 8 6 3  

FRINGE * * * * * *  TECHNICAL PAPER-- SANDOR NAGY 

RIIS CALCULATED FROM Z E R N l K E  C O E F F I C I E N T S = 0 . 0 6 4  

Figure B3.- Computer printout 3. 

78 



ORIGINAL PAGE IS 
OF POOR QUALITY 

+ 
+ 

F R I N G E  "**ago T E C H N I C A L  P A P E R - -  SANDOR IIAGY 1 7 - J U L - 8 5  1 2 : 4 7 : 0 3  

CONTOUR S T E P  W I D T H  PAGE SIZE -M- -11- - P -  -0- 
0. i n 5  0 . 8 0 0  2.001J - 0 . 1 5 0  - 0 . 0 5 0  0.0513 0 . 1 5 5  

+ + ++ + 1 1 +  + * +  + + 

+ 

NNN MMMM NNNNNNNN P P  
N N N MMMMMMMMMMMMMMMM N 14 N N tI N N P P P 
N MMMMMElMMM FlMMMMMM N N N N N N N N N N N P 

P NNNN MMMMMHM N NNN N N N N N N N NNNN N NNNNN P P P P P 
NNNNNN NNNNNNNNNNNNNNNNNNNNNNN P P P P P P  

N N P1 M M M M I1 M PI MM MMM N N N N N It N N N N N N N N N P + 
+ 

P P N N 14 N N NN N N N NNN N N FI rt N N N N N N 14 N N N N N NN N 
P P NN N N H I4 !I N N N N N N NN H N N NN NN N N N N N N NNN P P P P P P P P P P P P P P P P P P 
P P  NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN P P P P P P P P P P P P P P P P P P  

P P P P P P  NNNNNIINNNNNNNNNNNNNNNN P P P P P  P P P P P  P P P  P P P P P  

P P P P P P P P P P P P P  

+ 
00 P P P P P P P P P P P P P  
OOP P P P P P P P P P P P P P P P 

N N I4 N N t i  NN N N N N N N NN NN N N 
N N N N N N tI 14 N N II N N N N 14 H rI N 

P P P P P P P P P P P P P P 
P P P P P P P P P P P P  

0 P P P P P P P P P P P P P P P P P  N N N NNNN N H N N N N NNNNN P P P P P P P P P P P 
RO P P P P P P P P P P P P P P P P P P P  P P P P P P P P P P  000 P 

+ 00 P P P P P P  P P P P P P P P P P P P P P P P P P P P P P P P P P P '  P P P P P P P P P  OOOO P + 

+ O O P P P P P  P P P P P P P P P P P P P P P  P P P P P P P P P  0 P +  
0 P P P P  P P P P P P P P P P P P P  P P P P P P P P P  P 

P P P P P  P P P P P P P P P P P P P  P P P P P P P P P P  P P  
P P P P P P P  P P P P P P P P P P P P P P P  P P  P P P P P P P P P P P P P P P  
P P P P P P P P P P P P P P P P P P P  P P P P P  P P P  P P P P P P P P P P P P P P  2 

+ P P P P P P P P P P P P P P P P  P P  P P P  P P P P P P P P P P P P P  + 
4 P P P P P P P P P P P P P P P  NNNNNN P P P P  P P P P P P P P P P P P  

P P P P P P P P P P P P P P P P P  P P P P P P P P P P  
P P P P P P P P P P P P P P P  
P N P P P P P P  NNNNNN NNN P P P  NNN NNNNN 

+ P NNN N1ItINN MI111 NN P P P P P  N N N N NNNN N N N N N NN N + 

NN NNNNIINNN 
N N N II N N NIIN N N 

+ P rI N II 11 N N I I l I  I 4  N N MIIMIIMIIMM N NN N N N P P P P P P P P P P P 

P P P P P  
P P P P P  

P P P P P P 

N It tI N N N II N tI N N N N N N N 
NN HN 11 N N N NN NN N N N N N 
N N N N N N N N N N N N N N N 
N I 4  tI ti N N N N N N N N N 
N NN NN N N NNN 

+ 
P NIIHl I r IN NNt4 IIHIIII NN MMM111Il~ll~lMMM NNNNrl NN P P  P P P P P 

N II I t  I4 14 I 4  r i  N N II I 4  II I 4  14 N 
NH 11 r i  II rt N ri t i  t j  14 II t i  rt t i  N 
P N ft t i  N N N t I  It 14 I l l 4  N NN N N 

MI4 tlM 141~11~11~1fIM 
ii1-iiiiitwit.i11 

MllllMMM 

N N N N N N N 
N r t r i  N N 11 N N 
NNtt N N N N N 

+ II NN N I t  14 fI I 4  I 4  Il  N tI tl t4 tl N N I 4  t i  N N N NN fI NtI N 14 N P P P P P P P P P N NN fI N N N N 
N N 14 14 14 II 14 N I4 NN NN N N N N N N N N N N NNN H N M 
N tI N I l l 4  It N N N rt 14 14 r4 N N P P P P P P P P P P P P P P  NNNNN MMM N 

NNN 

P P P P P P P P P P N NN N NN 

Nf I t I  t IN 
Hr I l IN  

P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P 
P P P P P P P P P P P P P P P P P P P P P P P P P P P P P 

NNNNN 
NNNNN NN 

+ P NN P P P P P P P P P P P P P P P P P P P P P P P P P P P P  NNNNNNN NNN 
+ P P P P P P P P P P P P P P P P P P P P P P P P P  NNNNNNNNN 

P P P P P P P P P P P P P P P P P P P P P P P P  NNNNNNNNN 
P P P P P P P P P P P P P P P P P P P P P NNNN N PIN N N P P 

P P P P P P P P P P P P P P P  P P  

+ + ++ + + 3 3  + +*  + 

Z E R N I K E  P O L Y N O M I A L  C O E F F I C I E N T S  

0.0000 0.0000 0.0000 0 . 0 5  4 I 0 . 0 2 7 7  - 0 . 0 2 9 0  - 0 . 0 1 2 0  
- 0 . 0 2 6 7  0 . 1 0 1 0  - 0 . 0 1 4 1  0 . 0 2 2 1  - 0 . 0 0 1 5  0 . 0 3 5 2  - 0 . 0 0 9 6  
- 0 . 0 2 0 8  0 . 0 1 1 7  - 0 . 8 4 7 3  -0.01366 - 0 . 0 6 2 9  - 0 . 0 1 7 6  0.0040 

0 . 0 0 4 4  0 . 0 2 0 7  - 0 . 0 2 1 4  0 . 0 0 1 2  - 0 . 0 4 9 2  - 0 . 0 0 3 5  - 0 . 0 1 5 5  
- 0 . 0 1 8 2  - 0 . 0 2 1 3  - 0 . 0 1 0 4  8 . 8 8 2 8  

R E S I D U A L  WAVEFRON V A R I A T I O N S  OVER U N I F O R M  MESH 

MAX M I N  SPAN VOLUM P T S  R MS 
6 5 2 .  0 . 0 6 1  0 . 2 5 8  - 0 . 1 4 4  0 . 4 0 2  0 . 4 1 8  

+ 

+ 
+ 

+ 

0 . 0 3 4 9  
0 . 8 2 1 9  
0 . 0 7 6 6  
0 . 0 1  19 

END OF D A T A  

Figure B4.- Computer printout 4. 
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Figure C1.- Interference fringe pattern. 

ORiGINAL PAGE 
SLACK AND WHITE PHOTOGRAPH 

80 



OR!GINF:? BASE 
BLACK AND WI-iiTE PHOTOGRAPH 

Figure C2.- Laser Interferometer with bottom of dewar. 
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Figure C3.- Dewar assembly. 
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Figure C4.- Pyrex Hexcore Mirror 1A mounted to bottom of dewar assembly. 
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Figure C5.- Fused silica ultralightweight frit-bonded mirror. 
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Figure E l  .- Fringe analysis process flowchart. 
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